Abstract The polychlorinated biphenyl (PCB)-degrading bacterium, Burkholderia xenovorans LB400, was capable of transforming three hydroxylated derivatives of 2,5-dichlorobiphenyl (2,5-DCB) (2′-hydroxy-(2′-OH-), 3′-OH-, and 4′-OH-2,5-DCB) when biphenyl was used as the carbon source (i.e., biphenyl pathway-inducing condition), although only 2′-OH-2,5-DCB was transformed when the bacterium was growing on succinate (i.e., condition noninductive of the biphenyl pathway). On the contrary, hydroyxlated derivatives of 2,4,6-trichlorobiphenyl (2,4,6-TCB) (2′-OH-, 3′-OH-, and 4′-OH-2,4,6-TCB) were not significantly transformed by B. xenovorans LB400, regardless of the carbon source used. Gene expression analyses showed a clear correlation between the transformation of OH-2,5-DCBs and expression of genes of the biphenyl pathway. The PCB metabolite, 2,5-dichlorobenzoic acid (2,5-DCBA), was produced following the transformation of OH-2,5-DCBs. 2,5-DCBA was not further transformed by B. xenovorans LB400. The present study is significant because it provides evidence that PCB-degrading bacteria are capable of transforming hydroxylated derivatives of PCBs, which are increasingly considered as a new class of environmental contaminants.
Introduction
Polychlorinated biphenyls (PCBs) are among the most dangerous environmental contaminants because of their toxicity, their widespread dispersion, and their recalcitrance to biodegradation. Because of their high chemical and physical stability and high dielectric constant, PCBs have been used for a variety of industrial applications, until recognition of their toxicity led to their interdiction in most countries by the late 1970s (Borja et al. 2005; Field and Sierra-Alvarez 2008) . During about a half-century, the production, use, and disposal of PCBs resulted in their dispersion in every compartment of the environment including air, water, soil, sediments, and living organisms (Pieper and Seeger 2008) . PCBs exert various detrimental effects on wildlife and humans, including immunotoxicity, neurotoxicity, developmental toxicity, and reproductive toxicity. PCBs are classified as suspected carcinogens by the International Agency for Research on Cancer (Takeuchi et al. 2011) .
Bacterial degradation of PCBs is well documented. PCB congeners with four or more chlorine atoms are susceptible to anaerobic dechlorination, while PCB congeners with less than three chlorine atoms undergo preferentially aerobic oxidation by dioxygenases (Borja et al. 2005; Field and Sierra-Alvarez 2008; Pieper and Seeger 2008) . Higher organisms, including mammals, plants, and fungi, are also capable of transforming PCBs through a sequence of reactions whose first phase frequently results in the formation of hydroxylated derivatives (Kaminski et al. 1981; Letcher et al. 2000; Schroder et al. 2001; Sietmann et al. 2006) . The biological and abiotic transformation of PCBs generate primarily hydroxylated derivatives, which have been detected in a variety of environmental samples, including animal tissues and feces, water, and sediments. Hydroxylated polychlorinated biphenyls (OH-PCBs) have been shown to exhibit high toxicity for higher organisms, including the generation of reactive oxygen species, thyroid Responsible editor: Robert Duran Electronic supplementary material The online version of this article (doi:10.1007/s11356-013-1629-6) contains supplementary material, which is available to authorized users.
hormone-disrupting activity, and endocrine disrupting activity (Cámara et al. 2004; Kawano et al. 2005; Kitamura et al. 2005) . Because of their toxicity and widespread dispersion in the environment, OH-PCBs are increasingly considered as a new class of environmental contaminants (Kawano et al. 2005; Ueno et al. 2007 ).
However, little information is available about the bacterial metabolism of OH-PCBs. Two publications have reported the transformation of mono-and dichlorinated OH-PCBs by Comamonas testosteroni B-356 and Burkholderia xenovorans LB400 (Francova et al. 2004; Sondossi et al. 2004 ). However, these reports focused on congeners bearing hydroxyl and chlorine substituents located both on the same ring, even though hydroxylation of PCBs by higher organisms is known to occur on both chlorinated and non-chlorinated rings (Kaminski et al. 1981; Kucerova et al. 2000; Sietmann et al. 2006; Rezek et al. 2007 Rezek et al. , 2008 Zhai et al. 2010) . In a previous report, we showed that derivatives of 4-chlorobiphenyl (4-CB) hydroxylated on the non-chlorinated ring (2′-hydroxy-(2′-OH-), 3′-OH-, and 4′-OH-4-CB) were transformed by B. xenovorans LB400 cells growing in the presence of biphenyl (Tehrani et al. 2012) . In the present study, we have tested the capability of B. xenovorans LB400 to transform hydroxylated derivatives of higher-chlorinated biphenyls, including 2,5-dichlorobiphenyl (2,5-DCB) and 2,4,6-trichlorobiphenyl (2,4,6-TCB).
Materials and methods
Chemicals Biphenyl (99 % purity) was obtained from Acros Organics (Geel, Belgium). 2,5-Dichlorobiphenyl (2,5-DCB), 2,4,6-trichlorobipehnyl (2,4,6-TCB), 2′-hydroxy-2,4,6-trichlorobiphenyl (2′-OH-2,4,6-TCB), 3′-OH-2,4,6-TCB, and 4′-OH-2,4,6-TCB (99 % purity) were purchased from AccuStandard (New Haven, CT). 2′-Hydroxy-2,5-dichlorobiphenyl (2′-OH-2,5-DCB), 3′-OH-2,5-DCB, and 4′-OH-2,5-DCB were custom-synthesized in purity greater than 99 % by the Superfund Research Program Synthesis Core at the University of Iowa (Iowa City, IA) (Lehmler and Robertson 2001) . Other chemicals were of analytical grade, solvents were of HPLC grade, and they were obtained from Acros Chemicals, Fischer Scientific (Pittsburgh, PA), or Sigma-Aldrich (St. Louis, MO).
Bacterium strain and culture conditions: B. xenovorans LB400 was obtained from the U.S. Department of Agriculture (Agricultural Research Service Culture Collection (NRRL), Peoria, IL). The bacterium was routinely maintained and propagated on Luria-Bertani Lennox medium. Prior to be used in growth inhibition and biodegradation tests, the bacterium was acclimated to the carbon source by two successive subcultures on succinate or biphenyl as described by Denef et al. (2004) . Briefly, the bacterial cells were cultivated in K1 mineral medium supplemented with either 10 mM (1,180 mg L -1 ) sodium succinate (i.e., condition non-inductive of the biphenyl pathway) or 5 mM (770 mg L -1 ) biphenyl (i.e., biphenyl pathway-inducing condition) and incubated on an orbital shaker at 185 rpm, 30°C. Aliquots were collected in late exponential phase (approx. 24 h on succinate and 48 h on biphenyl) and used to subculture the bacterium under the same conditions. The process was repeated once.
Growth inhibition and biodegradation experiments
The inhibitory effect of parent PCBs, OH-PCBs, and the metabolite 2,5-dichlorobenzoic acid (2,5-DCBA) was determined by cultivating the bacterium in 10-mL (16×100 mm) culture tubes (Kimble Chase, Vineland, NJ) closed with polytetrafluoroethylene (PTFE)-lines stopper. The tubes contained 4 mL of K1 medium supplemented with succinate (1,180 mg L -1 ) or biphenyl (770 mg L -1 ) and they were dosed individually with increasing concentrations of 2,5-DCB and OH-2,5-DCBs (0.0 to 20 mg L -1 ), 2,4,6-TCB and OH-2,4,6-TCBs (0.0 to 50 mg L -1 ), and 2,5-DCBA (0.0 to 20 mg L -1 ). The target compounds were supplemented in the form of a 5,000-mg L -1 stock solution in acetone. A corresponding volume of pure acetone was added to the non-exposed controls (0.4 % v/v). The tubes were inoculated with 0.5 % v/v acclimated cells in late exponential phase and incubated on an orbital shaker at 185 rpm, 30°C for 96 h. Experiments were conducted in triplicate. Bacterial growth was monitored by the optical density at 600 nm (OD 600 ).
For biodegradation experiments, cells were grown in 10-mL tubes closed with PTFE-lines stopper and containing 4 mL of K1 medium supplemented with succinate or biphenyl as described previously. The flasks were dosed individually with 5 mg L -1 of 2,5-DCB, OH-2,5-DCBs, 2,4,6-TCB, OH-2,4,6-TCBs, and 2,5-DCBA, inoculated with 0.5 % v/v acclimated cells, and incubated on an orbital shaker at 185 rpm, 30°C for 96 h. Experiments were conducted in triplicate.
To determine the expression of key genes of the biphenyl pathway (bph), the bacterial cells were cultivated in 125-mL Erlenmeyer flasks closed with PTFE-lines stopper and containing 40 mL of K1 medium supplemented with the carbon source (succinate or biphenyl) as described above. The effect of biphenyl (known to be a strong inducer of the biphenyl pathway) was tested by conducting in parallel cultures using either biphenyl (770 mg L -1 ) or succinate (1,180 mg L -1 ) as the carbon source. The effect of 2,5-DCB and its hydroxylated derivatives was tested by conducting cultures using succinate (1,180 mg L -1 ) as the carbon source and exposed individually to 2,5-DCB, 2′-OH-, 3′-OH-, and 4′-OH-2,5-DCB (5 mg L -1 ). In each case, the flasks were inoculated with 0.5 % v/v of acclimated cells collected in the late exponential phase. Aliquots of the cell suspensions were collected after 18 h of growth/exposure (mid-exponential phase), immediately mixed with two volumes of RNA Protect® (Qiagen, Carlsbad, CA), and frozen at −80°C. Gene expression experiments were conducted in triplicate.
Extraction and analysis of PCBs, OH-PCBs, and their metabolites PCBs, OH-PCBs, and their metabolites were extracted and analyzed by GC-MS as described elsewhere (Tehrani et al. 2012) . Briefly, parent PCBs, 2,5-DCB and 2,4,6-TCB, were extracted using a mixture of Triton X100 and n-hexane. For the extraction of hydroxylated PCBs, OH-2,5-DCBs and OH-2,4,6-TCBs, and their metabolites, 2,5-dichlorobenzoic acid (2,5-DCBA) and 2,4,6-trichlorobenzoic acid (2,4,6-TCBA), samples were acidified with 6 M hydrochloric acid (HCl) to pH 3, extracted with ethyl acetate, and derivatized using a mixture of BSTFA/1 %-TMCS. Analyses were conducted using a 7890A GC equipped with a 5975C MSD (Agilent, Santa Clara, CA) and a HP-5MS high-efficiency capillary column (30 m×0.25 mm, 0.25 μm; Agilent). The extraction efficiencies were estimated by the extraction and analysis of controls dosed with known concentrations of target compounds. Detailed extraction and analysis protocols are provided as supplementary information.
RNA extraction and gene expression analyses Briefly, total RNA was extracted from RNA Protect®-treated cells using RNeasy® Tissue Mini Kit (Qiagen) and reverse-transcribed using SuperScript™ Reverse Transcriptase III (Invitrogen, Carlsbad, CA) following the manufacturers' recommendations. Quantification of the resulting complementary DNA (cDNA) was performed by real-time PCR on an ABI StepOne™ System using SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA). Cycling conditions were as prescribed by the manufacturer. The amplification levels of bph genes were normalized by the 16S rDNA (internal standard) and expressed by reference to controls non-exposed to the target compounds (ΔΔCT method, StepOne™ Software, version 2.1, Applied Biosystems). The amplification efficiency was determined for all primer sets using six log-dilutions of the cDNA template according to standard protocols.
Data analyses Inhibition of B. xenovorans LB400 was modeled according to a first-order inactivation model with shoulder using the nonlinear regression procedure in Prism 5.0 (La Jolla, CA). The efficiency of real-time PCR amplifications was calculated by plotting C T values against log cDNA concentrations according to standard procedures. The statistical significance of the results (for biodegradation experiments and gene expression analyses) was assessed by performing unpaired t tests at 95 % confidence level.
Results
The half-maximum inhibitory concentration (IC50) of the target compounds, 2,5-DCB, 2,4,6-TCB, and their hydroxylated derivatives (2′-OH-, 3′-OH-, and 4′-OH-), toward B. xenovorans LB400 was determined by performing growth inhibition tests in which the cells were individually exposed to increasing concentrations of the compounds. The bacterial growth was monitored by the OD 600 . Overall, exposure to PCBs and OH-PCBs resulted in higher inhibition of cell growth when biphenyl was used as the carbon source as compared with succinate ( Fig. 1 and Table 1 ).
The capability of B. xenovorans LB400 to metabolize 2,5-DCB, 2,4,6-TCB, and their hydroxylated derivatives (2′-OH-, 3′-OH-, and 4′-OH-) was tested by growing the bacterium in K1 mineral medium containing succinate or biphenyl and dosed with 5 mg L -1 of target compounds. The residual concentrations of the compounds were determined after 96 h of incubation (Table 2 ). In the presence of biphenyl, 2,5-DCB and the three OH-2,5-DCBs tested were significantly transformed after 4 days: 100 % of 2,5-DCB and 2′-OH-2,5-DCB, 69.0 ± 3.3 % of 3′-OH-2,5-DCB, and 60.7±0.9 % of 4′-OH-2,5-DCB. In the presence of succinate, 100 % of 2,5-DCB, 46.6±0.6 % of 2′-OH-2,5-DCB, and 19.6±5.3 % of 4′-OH-2,5-DCB were transformed over the time of the experiment, while no significant transformation of 3′-OH-2,5-DCB was recorded. The expected metabolite, 2,5-DCBA, was detected in all cultures where a significant degradation of 2,5-DCB and OH-2,5-DCBs occurred (Table 2 , upper section). 2,5-DCBA was measured at concentrations suggesting almost quantitative conversion of 2,5-DCB and OH-2,5-DCBs with the exception of 2′-OH-2,5-DCB in the presence of succinate, whose recovery accounted for 82.7±1.6 % of the parent compound. The estimated extraction efficiencies (expressed as mean ± standard deviation of three replicates) were 99.7±3.8 % for 2,5-DCB, 95.2 ± 1.8 % for 2,4,6-TCB, 105.8 ± 6.5 for 2,5-DCBA, 100.1 ± 0.4 % for 2,4,6-TCBA, 89.4 ± 1.3 % to 95.6±2.8 % for OH-2,5-DCBs, and 94.5±4.0 % to 95.2± 1.8 % for OH-2,4,6-TCBs. On the other hand, neither 2,4,6-TCB nor any of the OH-2,4,6-TCBs tested, except one, were significantly transformed by B. xenovorans LB400 over the time of the experiment, regardless of the carbon source used. Only 3′-OH-2,4,6-TCB was slightly transformed by B. xenovorans LB400 in the presence of succinate (12.3± 2.7 %). The predicted biphenyl pathway metabolite, 2,4,6-TCBA, was not detected (Table 2, bottom section).
Because 2,5-DCBA was the only metabolite detected from the transformation of 2,5-DCB and OH-2,5-DCBs, Table 1 Half-maximum inhibitory concentrations (IC50s) of B. xenovorans LB400 exposed to 2,5-dichlorobiphenyl (2,5-DCB), 2,4,6-trichlorobiophenyl (2,4,6-TCB), and their respective 2′-hydroxy-(2′-OH-), 3′-hydroxy-(3′-OH-), and 4′-hydroxy-(4′-OH-) derivatives e Half-maximum inhibitory concentrations (IC50s) were estimated using a first-order inactivation model with shoulder. R 2 is the coefficient of determination of the curve fitting f The IC50 of these compounds was not determined (N.D.) because they did not exhibited a significant toxicity g The standard deviation could not be calculated for several compounds because the first-order decay moiety of the curve did not include enough data points h The 95 % confidence intervals (CI 95 %) could not be calculated for several compounds because the first-order decay moiety of the curve did not include enough data points the inhibitory effect and biodegradation of 2,5-DCBA by B. xenovorans LB400 were tested in the presence of succinate and biphenyl as carbon sources. The corresponding doseresponse curves are presented in Fig. 2 . Biodegradation experiments did not show significant transformation of 2,5-DCBA regardless of the carbon source used (supplementary information, Table S2 ).
In order to understand further the metabolism of 2,5-DCB and its hydroxylated derivatives, the expression of key genes of the biphenyl pathway, bphA, bphB, bphC, and bphD, was determined using RT-qPCR (Table 3 ). The induction of bph genes by biphenyl was assessed by comparing their expression levels in cells growing in the presence of succinate (1,180 mg L -1 ) and biphenyl (770 mg L -1 ). Biphenyl was shown to result in significant overexpression of bph genes as compared to succinate, with relative expression levels ranging from 6.5± 0.5 to 8.8±1.2.
On the other hand, when cells were grown on succinate (1,180 mg L -1 ) as the carbon source, an overexpression of bph genes was observed in the presence of 5 mg L -1 of 2,5-DCB, and 2′-OH-2,5-DCB as compared to non-exposed controls, with relative expression levels ranging from 1.8±0.0 to 2.5± 0.5 and 1.8±0.3 to 2.0±0.4, respectively (Table 3) . (Exposure to 5 mg L -1 of biphenyl resulted in expression levels of 2.7±0.9 to 5.7±2.3.) On the contrary, a downregulation of bph genes was observed in the presence of 3′-OH-2,5-DCB and 4′-OH-2,5-DCB (5 mg L -1 ). The expression levels of bph genes upon exposure to biphenyl, 2,5-DCB, and OH-2,5-DCBs relative to non-exposed controls were statistically significant for all genes tested (p<0.05) except bphD. The amplification efficiencies for all sets of primers ranged from 91 to 101 % (regression line slopes between −3.5 and −3.3, with R 2 higher than 0.99).
Discussion
In contrast to PCBs, very little is known about the bacterial metabolism of hydroxylated PCBs. In this study, we chose Results are presented as mean and standard deviation of three replicates d Chlorobenzoic acids (CBAs) are expressed as percentage of the maximum theoretical amount that could be produced given the initial concentration of PCBs and OH-PCBs. 2,5-DCBA and 2,4,6-TCBA are produced from the transformation of 2,5-DCB and OH-2,5-DCBs, and 2,4,6-TCB and OH-2,4,6-TCBs, respectively e The statistical significance of the transformations was assessed by comparing the initial and final concentrations using unpaired t tests at 95 % confidence level. Not detected (N.D.) concentrations were counted as zero to study hydroxylated derivatives of a dichloro-and a trichlorobiphenyl: 2,5-DCB was selected because it is present in the commercial mixtures, Aroclor 1016 and 1242, and because its hydroxylated isomers could be synthesized; 2,4,6-TCB is not detected in commercial mixtures but it was chosen based on the commercial availability of its hydroxylated isomers. We showed that exposure of B. xenovorans LB400 to hydroxylated derivatives of 2,5-DCB and 2,4,6-TCB resulted in a stronger inhibition when the cells were growing in the presence of biphenyl as compared to succinate, suggesting either that induction of the biphenyl pathway produced toxic metabolites or that hydroxylated derivatives of 2,5-DCB and 2,4,6-TCB inhibited the biphenyl pathway. A few publications showed that hydroxylation of PCBs resulted in increasing toxicity toward bacteria. Sondossi et al. (2004) measured a significant decrease of the oxygen uptake rate in C. testosteroni B-356 exposed to hydroxylated PCBs as compared to hydroxybiphenyls and PCBs. Similarly, Cámara et al. (2004) reported decreasing cell viability in recombinant E. coli expressing subsets of bph genes following exposure to PCBs, which was attributed to the high toxicity of dihydroxylated derivatives originating from the PCB metabolism. Exposure of B. xenovorans LB400 to the commercial mixture Aroclor 1242 was shown to result in the induction of detoxification genes under biphenyl pathway-inducing condition, again suggesting the generation of toxic metabolites (Parnell et al. 2006) . We have recently showed that exposure to hydroxylated metabolites of 4-CB resulted in higher inhibition of B. xenovorans LB400 under condition inductive of the biphenyl pathway. Besides specific toxic mechanisms, hydroxylation is known to result in increasing solubility and bioavailability of the molecules susceptible to explain higher toxicity (Cámara et al. 2004) .
Our results also showed that the extent of transformation of 2,5-DCB and its hydroxylated derivatives was consistent with the pattern of expression of genes of the upper biphenyl pathway (bph). When cells were growing on biphenyl, a strong induction of bph genes was recorded in the presence of all target compounds, which resulted in significant transformation of 2,5-DCB and the three OH-2,5-DCBs. On the other hand, when cells were growing on succinate, only 2,5-DCB and 2′-OH-2,5-DCB slightly induced expression of bph genes, leading to transformation of these two ). Bacterial growth was expressed by the optical density at 600 nm (OD 600 ) that was reached in the early stationary phase. Solid lines show fitting to a first-order inactivation model with shoulder. Error bars show the standard deviation between three replicates Table 3 Level of expression of genes of the biphenyl pathway, bphA, bphB, bphC, and bphD, in B. xenovorans LB400 exposed to biphenyl (BP), 2,5-dichlorobiphenyl (2,5-DCB), and its hydroxylated derivatives, 2′-hydroxy-(2′-OH-), 3′-OH-, and 4′-OH-DCB e The statistical significance was assessed by comparing the genes expression levels in exposed and non-exposed cells using unpaired t tests at 95 % confidence level compounds, while 3′-OH-and 4′-OH-2,5-DCB were left unchanged. These results strongly suggest that the metabolism of OH-2,5-DCBs occurred through the biphenyl pathway. Biphenyl, as the natural substrate of the biphenyl pathway, is known as a strong inducer of bph genes (Denef et al. 2004; Denef et al. 2005; Parnell et al. 2010) . Previous publications have shown that lesser-chlorinated OH-PCBs were transformed through the biphenyl pathway. A variety of hydroxylated biphenyls (2-, 3-, and 4-OHbiphenyl) and PCBs (4-OH-2-CB, 4-OH-3-CB, and 4-OH-5-CB) was shown to be transformed by C. testosteroni B-356 and by a recombinant Pseudomonas putida strain harboring the biphenyl pathway system (Sondossi et al. 2004 ).
As it was observed with most PCBs, the metabolism of these compounds involved dihydroxylation in positions 2,3 of the unsubstituted ring followed by meta-cleavage in position 1,2. Francova et al. (2004) reported the transformation of a series of ortho-substituted hydroxylated PCBs (2-OH-3-CB, 2 -O H -5 -C B , a n d 2 -O H -3 , 5 -D C B ) b y b i p h e n y l dioxygenases of B. xenovorans LB400 and C. testosteroni B-356. However, these reports focused on congeners bearing hydroxyl and chlorine substituents located on the same ring, even though hydroxylation of PCBs has been reported on both chlorinated and non-chlorinated rings (Kaminski et al. 1981; Kucerova et al. 2000; Sietmann et al. 2006; Rezek et al. 2007; Zhai et al. 2010) . We have recently showed that B. xenovorans LB400 was capable of transforming 4-CB and three of its derivatives hydroxylated on the non-chlorinated ring (2′-OH-, 3′-OH-, and 4′-OH-4-CB) (Tehrani et al. 2012) . The specific contribution of the present study is to provide evidence of the metabolism of higher-chlorinated biphenyl derivatives that are hydroxylated on the non-chlorinated ring (i.e., 2′-OH-, 3′-OH-, and 4′-OH-2,5-DCB).
Our results showed that transformation of 2,5-DCB and OH-2,5-DCBs was associated with the accumulation of the PCB metabolite, 2,5-dichlorobenzoate (2,5-DCBA), which accounted for a large fraction of the parent compounds, suggesting that the initial attack by dioxygenases occurred primarily on the non-chlorinated ring. Indeed, the biphenyl 2,3-dioxygenase (BphA) of B. xenovorans LB400, which catalyzes the initial hydroxylation of the biphenyl core, was shown to oxidize preferentially the non-chlorinated ring. Moreover, oxidation of 2,5-dichlorinated rings by BphA of B. xenovorans LB400 (3,4-dioxygenation) is known to produce dead-end metabolites, which were not detected in our experiments (Peeper and Seeger 2008) . Our results also suggest that 2,5-DCBA was not efficiently transformed by B. xenovorans LB400. Some chlorobenzoic acids are known to be dead-end products of the bacterial metabolism of PCBs and their toxicity has been suggested to be responsible for the limited degradation of PCBs observed in the environment (Billingsley et al. 1999; Flanagan and May 1993; Cámara et al. 2004; Martínez et al. 2007) . In order to test this hypothesis, we measured the toxicity and biodegradability of 2,5-DCBA by B. xenovorans LB400 and observed that the compound was not significantly transformed by the bacterium, even under biphenyl pathway-inducing condition, nor did it result in significant inhibition of cell growth at concentration up to 20 mg L -1 . As for PCBs, biodegradation of chlorobenzoic acids by bacteria depends largely on the degree and pattern of chlorine substitution of the aromatic ring. Billingsley et al. (1999) have reported that B. xenovorans LB400 growing on biphenyl could transform some chlorobenzoic acids (i.e., 2-CBA, 2,3-DCBA), while others were not metabolized (i.e., 4-CBA, 2,4-DCBA). On the other hand, a more recent study reported that the same strain was not capable of metabolizing 2-and 4-CBA when using glucose as the carbon source (Martinez et al. 2007 ). In agreement with our results, Cámara et al. (2004) reported a mild toxicity of 2,3-DCBA for Escherichia coli cells.
Our results also showed that B. xenovorans LB400 was not capable of transforming efficiently 2,4,6-TCB or any of its hydroxylated derivatives over the time of the experiment, which could be explained by the inability of these compounds to induce the biphenyl pathway. Alternatively, the recalcitrance of 2,4,6-trichlorinated congeners to degradation by B. xenovorans may be related to the specificity of the biphenyl 2,3-dioxygenase (BphA) known to be highly dependent on the substitution pattern of the substrate (Peeper and Seeger 2008). Our findings are also consistent with the general observation that higher-chlorinated PCBs are less susceptible to oxidative transformation, which is explained by the electronwithdrawing effect of the chlorine atom, reducing the electron density of the aromatic rings (Borja et al. 2005) .
Our results may have important implications for the natural attenuation of PCBs because hydroxylated PCBs are the most common PCB metabolites generated by higher organisms and they have been detected in the environment (Flanagan and May 1993; Jansson et al. 1975; Kawano et al. 2005; Ueno et al. 2007 ). In addition, the recalcitrance to biodegradation and toxicity of some hydroxylated PCBs may provide an explanation for the persistence of PCBs in the environment (Cámara et al. 2004 ).
